v" Stimulation of the trigeminal nerve or ganglion in the cat caused a frequency-dependent reduction in carotid vascular resistance. Systemic arterial blood pressure (SABP) decreased at low frequencies (0.2 to 5 sec -~) and increased at higher frequencies, thus increasing carotid blood flow at the higher frequencies. The effect on resistance was predominantly ipsilateral and was unaltered by cervical sympathectomy, but was abolished or substantially reduced by section of the trigeminal root proximal to the ganglion. Diminution of carotid vascular resistance was replicated by stimulation of the greater superficial petrosal (GSP) nerve without any change in SABP. Section of the seventh cranial nerve reduced or abolished the response to stimulation of the trigeminal nerve but not that from the GSP nerve. The trigeminal response was prevented by ganglionblocking drugs in seven out of eight cats. The resistance response was unaffected by noradrenergic, cholinergic, serotonergic, and histamine-2 blocking agents. No neural connection could be demonstrated between the GSP and the trigeminal ganglion, and the vascular response to GSP stimulation persisted after trigeminal section. It is concluded that activation of the trigeminal system increases carotid blood flow by a pathway involving the seventh cranial nerve, the GSP and Vidian nerves, and a parasympathetic synapse employing an unconventional transmitter. A varying proportion of the response (greatest in the third division) may be mediated by antidromic activation of trigeminal nerves. These findings may have clinical implications for the vascular changes of migraine and other facial pain.
T HE prodromal phase of classical migraine is usually accompanied by diminution of cerebral blood flow (CBF), 3~ although usually not to critically low levels. 23 It is not known whether the primary event is cortical ischemia or whether blood flow diminishes as a consequence of depressed cortical function. In most migrainous patients cranial blood flow increases during the headache phase by a mean of 30% in the intracranial circulation and 50% in the extracranial circulation. 3~ It has been postulated that this increase is a reactive hyperemia induced by the earlier cortical vasoconstriction and, indeed, cortical blood flow may remain unaltered in common migraine in which there is no prodromal phase of oligemia. 24 Sakai and Meyer 3~ found that the partial relief of pain by the oral administration of codeine reduced CBF in one migrainous patient, suggesting that the head pain may be a factor in causing the hyperemia of migraine headache.
Thermocoagulation of the trigeminal ganglion is accompanied by flushing of the skin in the distribution of the division or divisions coagulatedY '32 Observations by Drummond, et al., 9 in our laboratory have confirmed that, in the appropriate areas, skin temperature rises by 0.5~ during thermocoagulation accompanied by a mean increase of 96% in the amplitude of capillary pulsation, which may persist for more than 60 minutes after the procedure. Whether the cutaneous flush is an iwitative or release phenomenon is not certain since the same flush has been reported after the injection of alcohol around the Gasserian ganglion. 22 Gonzalez, et al., 13 produced an increase in skin temperature in the distribution of each division of the nerve by stimulating the appropriate division. They stated that this cutaneous response was not abolished by section of the trigeminal root, and considered that it was mediated through vasodilator fibers emerging from the brain stem with the facial nerve and leaving the greater superficial petrosal (GSP) nerve to communicate with the trigeminal ganglion. From the ganglion, these vasodilator fibers were thought to be distributed with each division of the trigeminal nerve. The classical interpretation of the vasodilator pathway to the face and head passes through the facial nerve, GSP nerve, Vidian nerve, and the sphenopalatine ganglion, v, 2~ Moskowitz, et al., 21 pointed out that the trigeminal ganglion contains serotonin and substance P, putting forward the hypothesis that the release of these and other vasoactive agents from trigeminal nerve terminals might mediate the pain and vasodilatation of migraine headache. Stimulation of the ganglion releases substance P in the eye and the tooth pulp and increases uveal blood flow in the cat. 3 '4 In the rat, trigeminal ganglion stimulation increases capillary transudation in the trigeminal distribution, z5 This response was found to be resistant to drugs blocking classical autonomic pathways and serotonin and histamine receptors but was prevented by pretreatment with capsaicin, presumably by depleting the trigeminal nerve terminals of substance P. In addition, Lang and ZimmeP 7 found that the increase in CBF evoked by trigeminal stimulation was not blocked by propranolol or atropine.
The present investigation sought to determine whether any direct effect was exerted on cranial vessels by antidromic discharge of the trigeminal nerve as proposed by Moskowitz, et al., 2~ whether there was any anatomical connection between the GSP nerve and the trigeminal ganglion as postulated by Gonzalez, et al., ~3 or whether the dilator effects of trigeminal nerve stimulation were mediated by a reflex traversing the classical GSP pathway and to determine, if possible, the neurotransmitter agent or agents involved.
Materials and Methods

Anatomical Dissect ions
The heads of five cats were obtained postmortem from our laboratory, and the cranial vaults were resected, after which each specimen was fixed by immersion for 2 to 4 days in 5 % formaldehyde. The cerebral hemispheres were removed and the brain stem was resected after identifying and preserving the third to 10th cranial nerves. That portion of the alisphenoid which overlies the trigeminal ganglion was thinned by careful attrition with a dental burr before being levered off the ganglion, preserving its fascial covering.
With the aid of a dissecting microscope at x 30, the facial nerve was traced into the petrous temporal bone by carefully drilling away the roof of the facial canal. The nerve was traced to just beyond the genu. From the genu, the GSP nerve was traced anteriorly by drilling away the bone forming the roof of the canal. The fascia covering the trigeminal ganglion and GSP nerve was G. A. Lambert, et al. then removed to expose completely both the nerve and the ganglion.
Blood Flow Experiments
Fifty-three adult cats, each weighing 2 to 4 kg, were anesthetized with chloralose/urethane. They were intubated, paralyzed with gallamine, and artificially respired so as to maintain an end-expiratory CO2 level of 4%. Blood pressure was recorded from a femoral artery, and a femoral vein was catheterized for the administration of drugs. Common carotid arterial flows were recorded by placing an electromagnetic flow probe around each artery. Carotid arterial resistances were monitored continuously by passing the signal from the blood pressure and flow channels of the recording system to analog divider circuits (resistance = blood pressure/blood flow).
In some cats, the flow and pressure signals were fed via an A/D converter to a microcomputer based on a Z-80 processor. A FORTRAN program was used to allow on-line acquisition of data and storage of responses. In nine cats, facial skin temperature was recorded by means of a thermistor, and the signal was passed from the recorder to the microcomputer. Data were processed immediately after acquisition, printed, and stored on disc. A BASIC program was used to plot the processed data on an X-Y recorder. Records were processed as responses in individual experiments or were combined to present graphs as the means, with standard errors, of the time course of the response. The complete system will be described elsewhere (GA Lambert and P Haines, in preparation, 1984).
The animals were mounted in a stereotaxic frame, and a 250-u bipolar stainless steel electrode (Rhodes SNEX-i00) was positioned in the trigeminal ganglion according to coordinates determined by our previous anatomical studies. Access to the ganglion was through a burr hole in the skull, placed vertically above the ganglion. In some animals a craniotomy was performed and the animals underwent decerebration at the midcollicular level. Sufficient of the cerebellum was removed to expose the petrous temporal bone. This bone was carefully drilled away to expose the facial and GSP nerves in their bone canals.
The stimulating electrode was applied to the facial nerve, the GSP nerve, the trigeminal ganglion, or any of the three divisions of the trigeminal nerve. Trains of unipolar shocks (250 #sec duration square wave, 500 uA, varying in frequency) were delivered for 15 seconds from a Devices 2533 stimulator.* In experiments where facial temperature was recorded, stimulation was continued for 60 seconds. Frequency-response curves of percent change in blood pressure, blood flow, and vascular resistance were calculated using a probit-regression program.
* Devices 2533 stimulator manufactured by Devices, Ltd., Instrument Division, Welwyn Garden City, Hertfordshire, England.
To assess the effects of various pharmacological agents on responses, resistance changes before and after drug administration were compared at a fixed frequency (10 sec -l) using a paired Student's t-test, with a p < 0.05 level of significance.
Results
Anatomy
The trigeminal ganglion was found to have a posterolateral extension or pole, the apex of which projected toward the anterior opening of the canal of the GSP nerve. The apex also covered the dorsal opening of the foramen lacerum. This pole was enclosed in fascia which extended laterally (between the petrous temporal bone and the alisphenoid) and dorsally to become continuous with the fascia surrounding the GSP nerve in its canal (Fig. 1 ).
The GSP nerve described a curved course around the anterior aspect of the petrous temporal bone. It ran forward in the canal and then directly ventrally into the foramen lacerum where it communicated with the carotid nerve to form the nerve of the pterygoid canal (Vidian nerve). The nerve of the pterygoid canal in the cat continues forward from the foramen lacerum along a groove on the ventral surface of the sphenoid (outside the cranial cavity) to enter the pterygoid canal and thereafter joins the sphenopalatine ganglion. 28 No neural connections were observed between the GSP nerve and the trigeminal ganglion. The two were connected only by their common investing fascia. To determine whether or not nerve fibers too fine for dissection communicated between the GSP nerve and the trigeminal ganglion, several procedures were performed during the physiological experiments in which the GSP nerve was stimulated. First the fascia was carefully excised leaving the GSP nerve and ganglion in situ. Subsequently, the posterolateral pole of the ganglion was mobilized and lifted away from the GSP canal and foramen lacerum. Later the whole ganglion was freed and lifted from the middle cranial fossa. In one experiment the entire ganglion was completely excised. None of these procedures interfered with the effects of GSP stimulation on carotid blood flow.
Physiology
In 53 cats, mean resting aortic blood pressure was 95 + 3 m m Hg and mean carotid flow was 24.7 ___ 1.6 ml-min -1. Stimulation of the trigeminal ganglion produced frequency-related changes in blood pressure, carotid blood flow, heart rate, and carotid vascular resistance (Fig. 2) . The effect on blood pressure was usually depressor, the responses being maximal at 2 sec -1 and less at higher frequencies. At frequencies of 10 sec -1 or higher, some cats responded with an increase in blood 
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pressure. The changes in carotid blood flow were frequency-dependent. Flow sometimes decreased at low frequencies, especially when there was a fall in systemic arterial blood pressure (SABP); however, the usual effect was an increase, especially at higher frequencies of stimulation. Common carotid vascular resistance invariably decreased in a frequency-dependent manner regardless of the effects on blood pressure and blood flow. A computer-produced mean response from 28 cats is shown in Fig. 3 . Frequency-response curves for the mean maximal changes in blood pressure, carotid blood flow, and carotid vascular resistance (expressed as percentages of prestimulation control levels) are shown in Fig. 4 .
In nine cats, stimulation of the trigeminal ganglion for 1 minute produced frequency-dependent rises in facial skin temperature, reaching a maximum of 0.84 + 0.22~ at 5 sec -1, and declining at higher frequencies.
Ipsilateral section of the cervical sympathetic trunk produced an increase in resting carotid blood flow in one cat, had no effect in three others, and did not alter the responses to stimulation of the trigeminal ganglion in any of the cats (Fig. 5) . As a result of these observations, section of the cervical sympathetic trunk was adopted as a routine measure in the surgical preparation of the animals.
Stimulation of the trigeminal root just proximal to the ganglion produced responses similar to those produced from stimulation of the ganglion itself. Stimulation of any of the three divisions of the trigeminal nerve just distal to the ganglion produced similar although smaller vascular changes. Responses elicited from the first division were much smaller than those IPSILATERAL CONTRALATERAL +40t +40, +20 t * ~ <120' , from the second or third division. Stimulation of the GSP nerve decreased vascular resistance in the carotid arterial territory without producing systemic effects.
The systemic depressor response evoked by stimulation of the trigeminal system (the ganglion or any of the three divisions) was eliminated by section of the trigeminal root between the ganglion and the brain stem. The carotid vascular resistance changes produced by stimulation of the first and second divisions were abolished by this procedure in three out of six animals, whereas stimulation of the third division caused the response to be abolished in one of five animals. In five of 19 animals the responses to stimulation of the ganglion were abolished by trigeminal root section and in the remaining 14 animals it was greatly reduced. The persistence of a small response to ganglion stimulation in some animals seemed to be due mainly to an activation of the third division, since it could be blocked by section of this division but not by section of the first or second divisions. In nine cats the increase in facial skin temperature produced by stimulation of the trigeminal ganglion was reduced by about 80%, the maximum response of 0.18 _+ 0.07~ occurring at 5 sec -1. Neither the change in vascular resistance nor the rise in facial skin temperature produced by stimulation of the GSP nerve was altered by section of the root of the fifth nerve or of the individual branches of the nerve distal to the trigeminal ganglion. These results are summarized in Figs. 6 and 7 .
Section of the ipsilateral seventh cranial nerve proximal to the geniculate ganglion abolished responses to stimulation of the trigeminal ganglion and divisions in three out of 12 cats, and reduced the response in the remaining nine cats, the mean reduction being 64% + 9%. In cats where the response was merely reduced, it was reduced by a further 6% after section of the contralateral seventh nerve root. When the contralateral seventh nerve was cut first, the response was only marginally reduced. Section of the seventh nerve distal to the geniculate ganglion did not affect the response to either trigeminal ganglion stimulation or GSP stimulation. The blocking effects of seventh nerve section were greatest on responses obtained from the first and second divisions of the fifth nerve. The residual response was eliminated by section of the ninth and 10th nerves in one of four cats, and was reduced in the remaining three.
Responses to stimulation of the GSP were not altered by section of the internal carotid nerve where it ran beneath the trigeminal ganglion in the carotid groove. Section of the Vidian nerve, however, eliminated the response. These results are summarized in Fig. 8 .
Pharmacology
Treatment with various blocking drugs sometimes altered resting values of blood pressure, carotid arterial blood flow, and carotid vascular resistance. These changes are summarized for each drug and compared with control levels in 35 cats (Table 1) .
Pentolamine, 1 mg/kg, was given intravenously to four cats. The drug produced a moderate fall in SABP and carotid arterial flow, but had little effect on common carotid vascular resistance. Frequency-response curves for blood flow and resistance were not t Post-drug treatment values were significantly different from control levels (p < 0.05).
by prior treatment with phentolamine, although the blood pressure response was blocked.
Propranolol, 500 ug/kg, in four cats led to a slight increase in blood pressure and a moderate increase in vascular resistance with a slight reduction in blood flow. The frequency-response curve of the effects of trigeminal ganglion stimulation was not altered by prior treatment with propranolol.
Atropine, 200 #g/kg, was administered to four cats. This drug also caused a slight increase in blood pressure and resistance, but there was no consequent change in carotid blood flow. The frequency-response curve for change in resistance was, however, unaltered.
Intravenous injection of cimetidine, 5 mg/kg, was administered to five cats. This drug did not significantly alter resting levels of any of the parameters tested, or the responses to stimulation of the trigeminal ganglion.
Methysergide, 200 tsg/kg, was given to six cats. It produced an immediate fall in blood flow and an increase in common carotid vascular resistance, without any effect on SABP. Blood flow and resistance changes were relatively transient, but blood pressure did not return to control levels during the duration of the experiment. Methysergide did not affect the changes in blood pressure, blood flow, or vascular resistance produced by stimulation of the trigeminal ganglion.
The ganglion-blocking drug, hexamethonium, 10 mg/kg, caused an immediate but temporary fall in SABP and blood flow in the common carotid artery. The response to trigeminal ganglion stimulation was reduced by about 80% in seven out of eight cats. In one cat there was no blockade of the response, even though hexamethonium produced its usual systemic effects.
Frequency-response curves for the change in resistance under control conditions and following drug administration are shown in Fig. 9 . Table 1 shows the pre-stimulation control levels of blood pressure, carotid arterial flow and carotid vascular resistance for each group of cats.
Discussion
These experiments show that stimulation of the trigeminal ganglion causes marked reduction in the vascular resistance of the common carotid arterial bed as well as changes in SABP. The systemic depressor effect (the trigeminal depressor response or TDR) has been observed by others. Kumada, el al.,~6 hypothesized that the TDR was related to pain mechanisms and they were able to demonstrate that it was largely mediated by withdrawal of sympathetic tone.
The changes in carotid arterial flow and resistance that we have observed appear to be independent of any of the changes in flow and resistance that might be involved in the TDR. First, the changes we have reported were not altered by section of the sympathetic trunk in the neck. This would rule out the influence of withdrawal of sympathetic tone to the extracerebral vasculature on the response but, because the influence of sympathetic activity on CBF is complex, 14' 27 it does not eliminate the possibility that some component of the response may involve the cerebral circulation. Second, although the depressor effect is attenuated by pretreatment with phentolamine, the changes in vascular resistance are not.
We found that section of the root of the fith cranial nerve usually blocked the response to stimulation of more distal portions of the nerve almost completely, especially in the first and second divisions. This is in contrast to the report of Gonzalez, et al., 13 who found that increase in temperature persisted despite trigeminal root section. In some of our experiments, a reduced response persisted after nerve section distal to the ganglion but proximal to the stimulation site. This residual response could be abolished by section distal to the stimulus site, indicating that the fibers responsible pass out with the trigeminal nerve.
In some experiments, we attempted to duplicate the work of Gonzalez, et al.,)3 assessing blood flow by using skin temperature measurements. Stimulation of the trigeminal ganglion, of the seventh nerve, or GSP nerve produced rises in skin temperature. The rise produ6ed by stimulation of the ganglion was reduced by 80% by section of the fifth nerve root, but that produced by seventh or GSP nerve stimulation was not affected. The temperature response was blocked or reduced by hexamethonium (10 mg/kg). This suggests that the temperature response, like the bulk flow response, arises from an activation of a pathway passing into the brain through the fifth nerve and emerging in the seventh nerve. These results differ from those of Gonzalez, et al., 13 and we have no explanation for this difference.
The results that we have obtained suggest that most of the changes in carotid blood flow are a centrally mediated response to activation of trigeminal input, rather than being due to an antidromic activation of trigeminal nerves. Given that neither the bulk flow response nor the temperature response are completely blocked by fifth nerve section, it may be that trigeminal stimulation produces a two-component response, the lesser involving antidromic activation and release of a vasoactive substance. It should be noted that stimulation of the motor division of the trigeminal nerve can produce vascular resistance changes in insufficiently paralyzed animals through a metabolic consequence of the activation of skeletal muscle (personal observations).
The virtual abolition of the response in first and second divisions and its reduction in the third division, after section of both the ipsilateral and contralateral seventh nerves indicates that these divisions comprise the main efferent limbs of the reflex arc. The fact that the residual response was abolished in one of four cats (and reduced in the three others) by section of the 10th-ninth nerve complex suggests that some fibers may travel by one of these nerves, probably the ninth 7 and the otic ganglion. Because stimulation of the trigeminal system produces some contralateral response, and the ipsilateral response is more markedly reduced after section of both seventh roots, there must be a certain degree of crossover in the pathway within the brain stem itself. It has been known for some time that the facial nerve contains a vasodilator pathway innervating cranial blood vessels. 7'8'11 '26 Anatomical studies of the extracerebral pathway seem to support the idea that the axons responsible for the vasodilatation pass from the seventh nerve, via the GSP and Vidian nerves, to join the sphenopalatine ganglion.1'7'10'29 Cerebral vasodilator nerves from the GSP are thought to run with the internal carotid plexus. 7 '2 Gonzalez, et al., ~3 showed that the brain stem contained a closely circumscribed area from which cutaneous vasodilatation in the trigeminal distribution could be elicited by stimulation. They considered that a connection from the GSP of the facial nerve to the trigeminal ganglion carried the bulk of the fibers but that some of them also passed out with the trigeminal nerve itself. We have been unable to confirm these observations. Oka 22 also supposed that a vasodilator pathway passed out with the trigeminal root, but his experiments did not rule out a role for the seventh nerve.
Although no communicating branch between the GSP and the trigeminal ganglion is described in textbooks of cat anatomy, 2s Gonzalez, el al., ~3 reported tracing the GSP from the geniculate ganglion "as far as the mandibular division of the trigeminal nerve." They implied that this connection was the pathway by which GSP stimulation mediated vasodilatation in the distribution of the three divisions of the trigeminal nerve. No such connection was found in the present study. It may be that Gonzalez, et al., mistook the fascial connection between the GSP nerve and the posterolateral pole of the trigeminal ganglion to be of neural origin. In the present study, destruction of this connection did not interfere in any way with the vasodilator effects of GSP nerve stimulation.
The GSP nerve communicates with the trigeminal nerve via the nerve of the pterygoid canal which runs on the ventral aspect of the skull and eventually joins the sphenopalatine ganglion. It would appear that this is the pathway that mediates the responses to GSP nerve stimulation seen in the present study, for the only destructive procedures that abolished the response were transection of the GSP nerve, either in its canal or in the foramen lacerum where it forms the nerve of the pterygoid canal (Vidian nerve). The GSP nerve contains parasympathetic efferents, the action of which is affected by blockade of the sphenopalatine ganglion. The responses we have observed were reduced to 20% of control in seven of eight cats by ganglion-blocking doses of hexamethonium. This is further evidence that the response cannot rely to any great extent upon antidromic activation of the trigeminal nerve, and must be due in large part to activation of afferent fibers. The observation that this blockade did not occur in one cat, despite the presence of the normal systemic effects of hexamethonium, does leave open the possibility that the response has a dual nature, as discussed above.
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These observations suggest that trigeminal stimulation reflexly activates a parasympathetic pathway in the seventh nerve. The transmitter involved in vasodilatation produced by stimulation of the seventh nerve has not yet been identified. In the isolated dog brain, perfused via the carotid arteries, trigeminal nerve root stimulation produces an atropine-resistant vasodilatation, 17 although the investigators were inclined to attribute the effects to a metabolic consequence of activation of the reticular formation. Matthews and Robinson ~9 concluded that the inferior alveolar nerve contained "non-sympathetic, tonically active, atropine-resistant vasodilator fibers" which were capable of affecting lip skin blood flow. The response we have observed is also atropine-resistant. Furthermore, it is not blocked by cimetidine or propranolol. This would seem to rule out any involvement of the vasodilator effects of histamine or of beta-receptor activation.
Vasoactive intestinal polypeptide (VIP) seems to be the most likely candidate as vasodilatation transmitter. The VIP has been implicated as mediator of the increase in uveal blood flow produced by stimulation of the facial nerve. 3~ It is present in pial vessels and the large arteries of the brain, and dilates isolated cerebral arteries that have been constricted by serotonin. 18 The results of Jancs6, et al., ~5 suggest that, in the rat, the vasoactive substance released by stimulation of the trigeminal nerve is substance P (or some substance similar to it), presumably released from sensory nerves. The change that those authors observed (an inflammatory response in the trigeminal distribution) was not blocked even by very high doses (90 mg/kg) of hexamethonium, seemingly ruling out any involvement of the autonomic nervous system. Jancs6, et al., were examining effects limited to the circulation of the skin, and it is also possible that the dilator responses in the skin differ from those in deeper tissues, as we have postulated for the cat.
Atropine-resistant vasodilatation has also been noted in other vascular beds and has been variously attributed to dopamine, 2 nucleotides, 5 substance P and neurotensin, 6 or V1P. It is also interesting that the response that we have observed was not affected by prior treatment with methysergide. This renders less likely the hypothesis of Moskowitz, et al., 21 that serotonin release from the trigeminal nerve could account for both the extracranial vascular dilatation and the pain of migraine.
Our results do not support the idea that activation of trigeminal pathways could produce major changes in carotid blood flow by antidromic release of vasoactive substances from sensory nerve terminals. They do, however, support the idea of a reflex whereby activation of sensory afferents causes vasodilatation in the area supplied by those afferents. This finding has considerable relevance to the vascular theory of migraine, in that painful inputs from the trigeminal nerve could reflexively increase cranial and extracranial blood flow by this pathway.
